10 11 NMDA receptors are important for cognition and are implicated in neuropsychiatric disorders. GluN1 12 knockdown (GluN1KD) mice have reduced NMDA receptor levels, striatal spine density deficits, and 13 cognitive impairments. However, how NMDA depletion leads to these effects is unclear. Since Rho
The striatum and hippocampus of test mice were dissected to prepare protein extracts. Each brain 135 region was homogenized in 400 µl of PHEM buffer (0.5% TritonX 100, 60mM PIPES, 25mM HEPES, 136 10mM EGTA, and 2mM MgCl 2 ) with protease and phosphatase inhibitors (1.5 µg/ml aprotinin, 10 137 µg/ml leupeptin, 10 µg/ml pepstatin A, 0.1mg/ml benzamidine, 0.25mM PMSF, 5mM Na 138 orthovanadate, 10mM NaF, 2.5mM Na pyrophosphate, 1mM β-glycerophosphate). Loading samples 139 were prepared from protein homogenates with standard sample buffer and 5% β-mercaptoethanol, then 140 heated at 100 o C for 5 minutes. Depending on the protein of interest, 15-25 μg of protein for each sample 141 were electrophoresed in 7.5-12% bis-acrylamide gels and transferred onto polyvinylidene difluoride 142 membranes, both steps at 80-100V. Blots were blocked with 5% milk or bovine serum albumin in tris- (1:1000-2000, catalog number 75-048, NeuroMab, CA, USA), α-Rac1 (1:500, catalog number ARC03, 148 Cytoskeleton, CO, USA), and α-GAPDH (1:4000-5000, catalog number G8795, Sigma, MO, USA). 149 Secondary antibodies were as follows: donkey α-mouse IgG-800 (1:5000, catalog number 610-731-002, 150 Rockland, PA, USA), goat α-rabbit IgG-680 (1:5000, catalog number A21076, Invitrogen, CA, USA), 151 donkey α-mouse IgG-680 (1:15000, catalog number 926-68072, LI-COR, NE, USA) and goat α-rabbit 152 IgG-800 (1:15000, catalog number 926-32211, LI-COR). Blots were normalized to loading control 153 protein (GAPDH) bands or to REVERT total protein stain (LI-COR, NE, USA) before analysis. Wasf1 probes; amplification reagents were then used to incubate the slides to increase signal strength; 165 finally, fluorescent signals were developed using TSA Plus cyanine 3 (PerkinElmer, Llantrisant, UK) for 166 channel 1 and cyanine 5 (also PerkinElmer) for channel 2 using channel-specific horseradish 167 peroxidases. Vectashield with DAPI (Vector Laboratories, CA, USA) was then applied to the slices 168 before glass coverslip placement. Slides were dried overnight and then imaged with an Axio Scan.Z1 169 slide scanner (Zeiss, Oberkochen, DEU) at 20X magnification.
171
Behavioral tests 172 
Y-maze spontaneous alternation test 173
The Y-maze spontaneous alternation test was performed as an assessment of cognitive function of 174 test mice, as described in previous studies (8,26). For 8 minutes, mice were allowed to freely explore a 175 Y-maze consisting of three identical arms with the dimensions 38 × 7.6 × 12.7 cm that met at the center 176 separated by an angle of 120 o between each pair of arms (San Diego Instruments, CA, USA). Mice were 177 tracked once they were placed at the end of one arm with Biobserve Viewer (Version 2; St. Augustin, 178 Germany). Zones were digitally defined for each arm starting at 5 cm away from the center of the maze.
179
Spontaneous 3-arm alternations were defined as a mouse executing consecutive entries into each of the 180 three zones without repeat entries into any one zone. The percent of spontaneous three-arm alteration 181 zone entries relative to all Y-maze zone entries after the first two was taken as the Y-maze performance 182 score. 184 8-arm radial maze test 185 WT, WAVE-Tg, GluN1KD, and GluN1KD-WAVE mice were also assessed for their cognitive 186 function based on the 8-arm radial maze as described (Dzirasa et al., 2009 ). The maze consisted of 8 187 arms with the dimensions 22.86 × 7.62 × 15.24 cm that met together as sides of an octagon, which 188 served as the maze center (San Diego Instruments, CA, USA). Mice were food restricted to 90% of their 189 free-feeding body weight. After habituation to the maze center for one week, the arms were baited with 190 a piece of cherrio cereal and mice explored the arena for 5 minutes or until all 8 arms were explored.
191
Mice were tested daily for four days, and the performance of the four days was averaged for each week 192 (each trial block). Cognition was assessed by measures of working memory error (WME, the number of 193 entries into already-visited arms) and by measures of entries-to-repeat (ETR, the number of arms visited 194 before the mouse makes a repeat entry into any arm) recorded by Biobserve Viewer (Version 3).
196
Puzzle box test 197 Problem-solving, short-term memory and long-term memory were assessed by the puzzle box test as mice are motivated to enter it. The time that it took the mouse to completely enter the smaller area was 204 manually recorded. There were 9 trials spread out to 3 per day with new obstacles introduced during the 205 second trial of each day to block the path between the two arena compartments. Replacement of the 206 open door divider with the door-less divider was introduced in trial 2 and was used for every subsequent 207 trial. The underground pass was filled with cage bedding in trials 5-7, then instead with a cardboard plug 208 in trials 8-9. 5 minutes were given for each mouse to reach the dim-light area during each trial and 2 209 minutes separated trials for the same mouse on the same day. Mice that failed the first trial, a training 210 trial, were excluded from the test.
212
Open field test 213 The protocol for the open field test of locomotor activity has been described previously (3,28). Test Social approach behavior test 220 Test mice were also assessed for their social cognition via approach behavior towards novel age-and 221 sex-matched mice, which served as social stimuli. A social approach behavior test was performed as 222 previously described (29,30). Test mice were placed in a white Plexiglas arena (62 × 40.5 × 23cm).
223
Their subsequent interactions with an empty inverted wire cup and another containing the social 224 stimulus mouse were recorded with a video camera for 10 minutes. Biobserve Viewer (Version 2) was 225 used to track center of body mass and quantify the amount of time mice spent in 5cm circular zones 226 surrounding each cup. The amount of time spent by test mice in both the social stimulus and nonsocial 227 zones were taken as a measure of social cognition and a related novelty control measure, respectively. while assumptions of sphericity were tested for all repeated-measures tests. Comparisons between WT and GluN1KD mice were assessed with independent, two-tailed t-tests while those between WT, 235 WAVE-Tg, GluN1KD, and GluN1KD-WAVE mice were assessed with one-way ANOVAs except in 236 cases with repeated measurements over time or in cases where equal variance could not be assumed. 
GluN1KD mice have age-dependent deficits in striatal MSN dendritic spine density and aberrant
250 levels of Rac1 signaling components 251 We previously reported that striatal spine density of GluN1KD mice was normal at two weeks of age 252 but was decreased at six weeks of age relative to WT littermates (7). We therefore assessed spine density 253 at 3, 6, and 12 weeks of age to further study the onset and progression of developmental spine loss. In 254 the striatum, GluN1KD mice have spine deficits at 6 and 12 weeks of age, but not at 3 weeks ( Figure 1 ).
255
GluN1KD mice had a 11% reduction in spine density at 6 weeks (WT: 138 ± 2 spines/100 μm,
256
GluN1KD: 124 ± 2 spines/100 μm) (independent, two-tailed t (4) = 5.55, p < 0.01). At 12 weeks of age 257 GluN1KD mice had a 16% reduction in spines (WT: 136 ± 2 spines/100 μm, GluN1KD: 114 ± 1 spines/100 μm) (t (4) = 9.74, p < 0.01). Thus, we determined that spine loss first occurs between 3 and 6 259 weeks of age, and that these reductions are maintained in the adult brain. Data was analyzed by two-tailed, independent t-tests, ** p < 0.01.
267
We measured the protein levels of key components of Rho GTPase signaling cascades in the striatum 268 of 3, 6, and 12-week-old mice. The proteins assessed were RhoA, Rac1, Cdc42, cortactin, WAVE-1, N-269 WASP, LIMK1, cofilin, pS3-cofilin, and actin. Of these, significant differences were consistently found 270 for Rac1 and WAVE-1 ( Figure 2 ). GluN1KD mice show an increase in Rac1 at 3 weeks, and reductions 271 in Rac1 at 6 and 12 weeks of age. Expressed as a percentage of WT levels, GluN1KD levels of Rac1 are 272 126% at 3 weeks, 70% at 6 weeks, and 76% at 12 weeks of age (independent, two-tailed t (6) = 2.45-6.00, 273 p < 0.05 for all three). WAVE-1, a downstream effector of Rac1, is reduced in the GluN1KD striatum at 274 all three ages. Expressed as a percentage of WT, WAVE-1 levels are 75 % at 3 weeks, 63% at 6 weeks, 275 and 80% at 12 weeks of age (t (6) = 2.60-3.04, p ≤ 0.05 for all three). Of the Rho GTPase signaling differences in Rac1 and WAVE-1 levels at the striatum of GluN1KD mice and WT littermates 281 aged 3, 6, and 12 weeks. In GluN1KD mice, Rac1 was significantly increased at 3 weeks before 282 decreasing to lower than WT levels at 6 and 12 weeks of age. In contrast, WAVE-1 was consistently 13 283 decreased at all time points. All blots were first normalized to GAPDH loading controls. A sample size 284 of 4 mice per group, denoted in the graph legends beside genotype labels, was used for every genotype 285 and age group. Data was analyzed by two-tailed, independent t-tests, * p ≤ 0.05, ** p < 0.01. 288 In other model systems, reductions in Rac1 and WAVE-1 cause dendritic spine loss (18,35), but 289 chronic increases in Rac1 activity can also cause spine abnormalities (9,36,37). Therefore, we 290 considered the possibilities that reductions in Rac1 and WAVE-1 could either contribute to the observed 291 spine loss or could be compensatory responses to prevent further spine loss. To test these two 292 possibilities, we restored WAVE-1 protein levels in GluN1KD mice by intercross breeding with a 293 transgenic mouse line that overexpresses WAVE-1. Figure 5 ). One-way ANOVA found no significant genotype effect on Rac1 levels 303 (One-way ANOVA F 3,20 = 1.514, p = 0.24, β = 0.66) but shows a significant effect of genotype on levels 304 of WAVE-1 (F 3,20 = 33.59, p < 0.01). The presence of the WAVE-Tg increases the levels of WAVE-1 in 305 the striatum of both WT and GluN1KD mice. WAVE-1 is 120% of WT levels in WAVE-Tg mice 306 (Bonferroni adjusted p < 0.01 vs WT), 69% in GluN1KD mice (p < 0.01), and 87% in GluN1KD-308 reduced WAVE-1 levels and that the Wasf1 transgene is sufficient to rescue striatal WAVE-1 levels in 309 GluN1KD mice. 330 As we have rescued WAVE-1 expression in GluN1KD-WAVE mice, we next asked whether this 331 attenuates the synaptic deficits of GluN1KD mice in striatal MSNs. We therefore assessed the dendritic images and spine density quantifications are shown in Figure 6a . One-way ANOVA reported an effect 334 of genotype on spine density that trended towards significance (F 3,32 = 2.79, p = 0.06). GluN1KD mice 335 had a spine density of 145 ± 9 spines/100 μm, lower than WT levels of 185 ± 11 spines/100 μm, also 336 trending towards significance (Bonferroni adjusted p = 0.05). In contrast, GluN1KD-WAVE mice had a 337 more WT-like spine density of 172 ± 6 spines/100 μm (p > 0.99 vs WT). These results point to the 338 improved WAVE-1 levels of GluN1KD-WAVE mice having biological significance at the synapse by 339 increasing spine density. They also led us to test whether GluN1KD-WAVE mice have improved 340 behavioral test performance, which would more definitively assess the biological significance of 341 restoring WAVE-1 in NMDAR-deficient mice.
287

Striatal WAVE-1 levels are increased in WAVE-Tg mice and restored in GluN1KD-WAVE hybrids
Striatal spine density deficits are attenuated in GluN1KD-WAVE hybrids
343
Maze navigation test performance is improved in GluN1KD-WAVE mice 344 
Y-maze spontaneous alternation test 345
The Y-maze spontaneous alternation test was performed to assess the cognitive function of test mice. 392 Puzzle box test 393 The puzzle box test was also used to compare the cognitive function of GluN1KD-WAVE mice with GluN1KD-WAVE mice take longer to complete each trial compared to WT and WAVE-Tg mice. In 398 trials 5-9, GluN1KD and GluN1KD-WAVE mice often fail to complete the task, requiring the maximum Social approach behavior test 418 We assessed social approach behavior in WT, WAVE-Tg, GluN1KD, and GluN1KD-WAVE mice to 419 determine the effects of WAVE-1 rescue on an aspect of social cognition. Social approach behavior is 420 quantified as the amount of time a mouse spends in a zone with a novel mouse (30). One-way ANOVA 421 reports a significant effect of genotype on social approach behavior (F 3,92 = 5.69, p < 0.01). As shown in significantly lower compared to WAVE-Tg mice and trended towards significance compared to WT 449 mice ( † p = 0.15). WT mice also spent more time in the nonsocial zone compared to both GluN1KD and 450 GluN1KD-WAVE mice. No significance was found comparing GluN1KD to GluN1KD-WAVE mice.
GluN1KD-WAVE mice do not show significant improvements in other tested behaviors
451
No sex differences were observed in these behavior tests. Data was analyzed by one-way ANOVA Since maze exploration performance is improved in GluN1KD-WAVE mice, we asked whether this 459 effect was due in part to WAVE-1 increases in the hippocampus, key for learning and memory 460 formation (38,39). Hippocampal WAVE-1 expression was measured by western blot, and there were no 461 differences detected between the four genotypes ( Figure 8a ). (One-way ANOVA F 3,20 = 2.33, p = 0.11, 462 β = 0.50).
464
Our assessments of CA1 pyramidal neuron dendritic spines also indicated no significant effect of 465 genotype on either apical or basolateral spine density by one-way ANOVAs (F 3,28 = 0.93, p = 0.44, β = 466 0.77; F 3,28 = 2.48, p = 0.08, β = 0.45; respectively). Representative dendrite images and spine density 467 quantifications are shown in Figure 8b . For apical dendritic spines, GluN1KD mice have a spine density 468 of 130 ± 10 spines/100 μm while GluN1KD-WAVE mice have a density of 131 ± 9 spines/100 μm.
469
These values are lower, but not significantly so, compared to WT levels of 150 ± 11 spines/100 μm and 470 WAVE-Tg levels of 142 ± 10 spines/100 μm. The results are similar for basolateral dendritic spines: 471 GluN1KD mice have 106 ± 8 spines/100 μm while GluN1KD-WAVE mice have 105 ± 9 spines/100 472 μm, neither significantly different compared to WT levels of 125 ± 5 spines/100 μm or WAVE-Tg levels 473 of 125 ± 5 spines/100 μm. Overall, we did not observe a significant reduction in WAVE-1 or a spine 474 density deficit in the CA1 region of GluN1KD mice. We also did not observe alterations in hippocampal 475 WAVE-1 levels or spine density in WAVE-Tg mice. However, these experiments were determined to be 476 underpowered post hoc. 494 Our study identifies a link between NMDAR hypofunction and Rho GTPase signaling that can 495 contribute to age-related spine loss in the striatum. We focused on the integrity of Rho GTPase 496 pathways since they are well-known to regulate dendritic spine architecture (13). After surveying the 497 levels of the principal Rho GTPases and their effectors, we identified two proteins in the same pathway 498 that were altered, Rac1 and WAVE-1.
Synaptic and molecular deficits in GluN1KD mice
500
Changes in these two specific proteins are consistent with a previous report of GluN1KD mice having 501 reduced levels of synaptic DISC1, which is an upstream regulator of Rac1 (7, 9, 33) . Pharmacological Overall, there is strong evidence that a disruption in Rac1 signaling leads to dendritic spine loss and 508 impaired cognition.
510
Both striatal MSN spine deficits and Rac1 and WAVE-1 deficits are age-dependent. Spine deficits 511 are seen only in older GluN1KD mice while Rac1 and WAVE-1 present a more complex picture of age-512 dependency. These proteins were also decreased in older mice but vary in younger mice -Rac1 was 513 increased while WAVE-1 was decreased in GluN1KD mice. We previously reported that striatal spine 514 density was unchanged in 2-week old GluN1KD mice (7) . In this study, we determined that striatal spine 515 density deficits emerge between 3 and 6 weeks of age. Consistently, the molecular and spine density 524 A BAC transgene bearing the human Wasf1 locus was successfully incorporated into the mice of our 525 study and expresses throughout the brain. Although the transgene increased Wasf1 message levels in 526 both the striatum and hippocampus, the protein levels of WAVE-1 were increased in the striatum, but 527 not in the CA1 region of the hippocampus. This increase in the striatum was sufficient to normalize the 528 WAVE-1 levels in GluN1KD-WAVE mice towards WT levels. Our results suggest that WAVE-1 529 protein levels may be dictated chiefly by translational regulation and/or post-translational processes, at 530 least at the CA1 region of the hippocampus in the context of NMDAR deficiency in mice.
Effect of restoring WAVE-1 on GluN1KD phenotypes
532
Rescue of WAVE-1 protein levels in the striatum of GluN1KD-WAVE mice led to an increase in 533 MSN spine density. Consistent with our hypothesis, GluN1KD-WAVE mice had a spine density closer 534 to WT than GluN1KD levels, supporting the biological relevance of targeting WAVE-1, and Rho 535 GTPase signaling in general, to reverse GluN1KD phenotypes. The magnitude of the deficit and 536 subsequent rescue is similar to those observed when spine density changes are associated with 537 significant behavioral changes in Pavlovian conditioning and visual or motor learning (12,44,45). Thus, 538 it is reasonable to expect behavioral outcomes from the increase in striatal WAVE-1 levels and spine 539 density.
541
Our behavioral assessments were consistent with previous reports of GluN1KD deficits (3,4,8).
542
GluN1KD mice displayed increased locomotor activity, decreased habituation, decreased social 543 approach time, longer puzzle box completion time, decreased Y-maze spontaneous alternations, and 544 worse 8-arm radial maze performance (increased WME and decreased ETR) compared to WT 545 littermates. The selective improvement of maze exploration performance in GluN1KD-WAVE mice is 546 particularly interesting. This improvement is seen in both the Y-maze and 8-arm radial maze. There is 547 evidence for the striatum being a key region for cognition and maze exploration performance (46-49).
548
Improvements of both striatal spine density and maze exploration performance in GluN1KD-WAVE 549 mice are thus consistent with these studies. However, this selective set of improvements point to the 550 possibility of similar synaptic and molecular changes in the hippocampus, which is a key structure for 551 cognitive tasks like maze exploration (50,51). Multiple avenues can be taken to further investigate this discrepancy between our hippocampal and 569 behavioral data. For instance, there is the need to consider WAVE-1 activation in GluN1KD and 570 GluN1KD-WAVE mice. Changes in NMDAR levels may have more effects on the activity of WAVE-1 571 than on the levels of total WAVE-1 at the hippocampus, unlike what we have seen in the striatum.
572
WAVE-1 phosphorylation may be one useful indicator, and is generally considered to be inhibitory 573 (41, 54, 55) . It is also possible that dendritic spines aside from those of CA1 pyramidal neurons in the 574 hippocampus could be key for the rescue seen in GluN1KD-WAVE mice, such as those in the CA3 or 575 dentate gyrus regions -also key for memory and maze exploration tests (56,57). Finally, a lack of 576 physical changes in mouse CA1 pyramidal neuron spines has been reported before in neurons with 577 eliminated AMPA and NMDA receptor signaling in vivo (58). Instead, the authors found drastically 578 altered electrical and functional characteristics in these neurons. This could be applicable to our 579 GluN1KD mice, independent of the Wasf1 transgene. There is still much to study regarding the 580 molecular and synaptic underpinnings of maze performance improvements in GluN1KD-WAVE mice.
582
Despite the lack of observed hippocampal rescue in GluN1KD-WAVE mice, our striatal data 583 provides important clues about the state of cognition in these hybrids. In previous studies, the dorsal 584 striatum was linked to reinforcement of stimulus-response associations (46), the nucleus accumbens was 585 linked to goal-directed exploration (47), and the marginal division of the striatum was linked to both 586 early and late stage long-term memory consolidation (49). We did not use overt stimuli or cues in either 587 of our maze tests, while goal directed exploration and long-term memory were important factors in our 588 repeated 8-arm maze trials of food-restricted mice. The molecular and synaptic rescue we observed at 589 the striatum of GluN1KD-WAVE mice may thus have influenced their learning of food-foraging 590 strategy. Similarly, the improved Y-maze performance of GluN1KD-WAVE mice may be due to it 591 having fewer arms and being analogous to non-delayed random foraging tasks, which also depended on 592 the nucleus accumbens (47). However, neither the nucleus accumbens nor the marginal division of the 593 striatum were linked to cognition independently of the hippocampus (47,49). Thus, the hippocampus of 594 GluN1KD-WAVE mice may be rescued in a manner we did not assess or the effects of the Wasf1 595 transgene at the striatum and elsewere were sufficient to have a noticeable effect on maze exploration 596 performance.
598
With our current data of GluN1KD-WAVE mice, we see striatal WAVE-1 and MSN spine density 599 rescue along with a specific behavioral rescue in Y-maze and 8-arm radial maze performance. Such a 600 rescue may be related to long-term memory and goal-directed exploration. To note, maze tests have 601 been interpreted as evaluations of various aspects of cognition, such as habituation, curiosity, spatial 602 working memory, and more (59). Studies making such interpretations sometimes do so independently of 603 concurrent assessments of molecular or cellular changes, limiting the interpretability of behavioral data.
604
There is a need of more research and clearer definitions of the relationships between specific brain 605 changes, behavioral changes, and their interpretations as cognitive aspects.
